Measurements on the skin conductivity of the normal metals silver, gold, and tin show that at low temperatures the skin conductivity tends to become independent of the d.c. conductivity, which is at variance with the predictions of classical skin effect theory. Following a sugges tion of H. London that this anomalous behaviour is due to the mean free path of the electrons becoming much greater than the skin depth, an attempt is made to calculate the effect for a semi-classical model of a metal. Although a rigorous solution has not been found, it is shown that the model predicts constancy of skin conductivity when the mean free path becomes very long. Moreover, there is reason to suppose that under these conditions only a small proportion of the conduction electrons contribute effectively to the high-frequency current, and an exact solution is given for a model based on this concept, which also predicts that the skin conductivity should be independent of the d.c. conductivity.
The anomalous resistivity of metallic conductors at high frequencies and very low temperatures appears to have been observed first by London (1940) , who a ttri buted it to the long mean free path of the electrons. At low temperatures, owing to the increased conductivity, the depth of penetration of the high-frequency field into the metal decreases, while the mean free path increases, so that it may become very many times as large as the skin depth. The experimental observation was confirmed by the present writer during measurements on the high-frequency resistance of superconducting tin and mercury, described in the first paper of this series (p. 370, referred to in future as I), and it seemed desirable to investigate the matter in greater detail, not only on account of its intrinsic interest and the light it might throw on the behaviour of electrons in normal metals, but also because an understanding of its nature is probably essential to a rigorous theory of the resistive effects observed in superconductors at high frequencies. The results presented in this paper do not amount to more than a preliminary survey of the problem, but at any rate some of the principal features of the phenomenon have been demonstrated, sufficient to allow a qualitative understanding of the mechanism, and the part played by the mean free path.
All the measurements to be discussed here were made at frequencies within a narrow band around 1200Mcyc./sec., and, with the exception of the preliminary investigations, with the same type of resonator and the same technique as was described in I. In particular, the linear relation between Q, the selectivity of the resonator, and t, the voltage transmission coefficient, was used in all the measure ments to eliminate the resistive effect of the coupling between the resonator and the external circuits. The band width so determined was governed only by the resistivity of the specimen and dielectric losses in the resonator; the latter, however, amounted to only a small fraction of the resistive loss, and could be allowed for accurately. The metals investigated were copper, silver, gold, aluminium, tin and mercury, in the form of wires of diameters ranging from 1 to 2 mm. In order to vary the specific conductivity of the specimens, the measurements were carried out at several different temperatures, produced by liquid nitrogen (77° K), hydrogen (14 to 20° K) and helium (2-0 to 4-2° K), as well as at room temperature. For each specimen except mercury the d.c. resistance was measured at room temperature and at 4-2° K, and the resistance at intermediate temperatures was calculated from the data of Onnes & Tuyn (1929) , assuming the validity of Matthiessen's rule. The d.c. conductivity of mercury was measured with a specimen from the same sample of Hilger mercury, not with the specimen actually used in the r.f. experiment.
E x p e r i m e n t a l r e s u l t s (a) Effect of surface roughness
Preliminary measurements were made in order to ascertain whether at room temperature, where the mean free path in all metals is very much less than the skin depth at 1200 Mcyc./sec., the measured skin resistance is in agreement with the pre dictions of electromagnetic theory. From Maxwell's equations and the conductivity equation J = crE it may be shown th at the skin depth is given by the expression 8 = 1/^(2ttco< t )c m., if cr is expressed in e.m.u., and th at the surface resistivity is *J(27Ttojar) e.m.u.
Since the resonator described in I is not suitable for absolute measurements, on account of the difficulty of computing the theoretical -value for such a shape with materials of known conductivity, a coaxial resonator was constructed in which the specimen was a straight wire approximately long forming the inner conductor. The outer conductor was a much longer copper tube of 5 cm. diameter, and the specimen was supported axially within it on two thin discs of polythene, whose dielectric loss was quite negligible. The resonator was coupled to the oscillator and detector by two coaxial cables whose inner conductors projected into the interior of the resonator. The theoretical $ -value of such a resonator, constructed from materials of known conductivity, is given in standard works (see e.g. Jackson (1945)), and will not be discussed further here. The specimen was a piece of commercial 16 s.w.g. copper wire, and measurements were made of the Q0 of the resonator and the d.c. conductivity of the material at room temperature. It was found th at the measured value of Q0 was 5 % lower than the theoretical prediction. The specimen was then heated in a gas flame and plunged while still red hot into alcohol, so th a t a very clean m att surface was formed, and the Q0 was found to have decreased by a further 30 %. This result agrees qualitatively with many (unpublished) observa tions during the war th at the attenuation factor of silver-plated waveguides a t frequencies around 10,000 Mcyc./sec. might be as much as twice the theoretical value unless the silver was highly polished after deposition. Further experiments with copper wires showed th at the smooth surface of a drawn wire enables the skin resistivity to approach most nearly to the theoretical value, and th at any attem pt to clean the surface by polishing with even the finest emery causes deterioration. The most likely explanation of these effects lies in the fact that the skin depth is extremely small (~ 10~4 cm.) so that scarcely visible scratches and irregularities force the currents to traverse a longer path than is apparent, with a corresponding increase in resistive loss. As a result of these investigations, all the specimens used were left in the state of high surface polish in which they were prepared. It was assumed that the effect of surface irregularities was to increase the r.f. resistance by a constant pro portion independent of temperature, which in any case probably did not exceed 5 %. The results quoted are therefore believed to represent the true skin resistivity corresponding to the properties of the bulk material.
(b) Variations of skin resistivity with temperature
It was pointed out in I that, when due allowance has been made for extraneous power losses in the resonator, the ideal selectivity Q0 is inversely proportional to the skin resistivity R of the material. It is this resistivity which is actually measured, since the reactive part of the skin impedance Z plays an altogether negligible role in determining Q0. I t is convenient in presentation to use the reciprocal of R, which is of course proportional to Q0, and this will be referred to as the skin conductivity and denoted by Z. Now although Z is proportional to out above, to calculate the constant of proportionality, on account of the geometrical factors involved. It is possible, however, to estimate the constant of proportionality experimentally by making use of the fact that the classical theory of the skin effect is valid at a sufficiently high temperature. This means that Z may be calculated at such a temperature from the d.c. conductivity, and correlated with the corresponding value of Q0 for the resonator. This method of measuring and using a constant pro portionality factor incidentally assumes implicitly that any effect of surface irregu larities is constant at all temperatures. The method was used at room temperature for copper, silver, gold and aluminium, but it was found to be more convenient to apply it to tin and mercury at lower temperatures, on account of the poor conduc tivity of these metals at room temperature. Since, however, rough estimates of the mean free path in tin at 77° K and in mercury at 20° K indicated that it was still much smaller than the skin depth, it was concluded that no error would result from determining the proportionality factors at these temperatures. This conclusion is borne out by the consistency of the results obtained.
The specimens of silver and gold were supplied by Heraeus, and were stated to be 99-99 % pure. Two specimens of silver were used, one in the hard-drawn state as supplied, and the other annealed in vacuo for a few m residual resistance of the former was 0-026 times the room temperature resistance, while the corresponding factor for the latter was 0-0033. The tin and mercury specimens were from the same samples as were used in I. In order to measure the normal skin conductivity of mercury below 4-2° K a magnetic field was applied to destroy superconductivity. By observations on the conductivity in fields much larger than those required for this purpose, it was verified th at there was no appreci able magneto-resistance effect which would destroy the validity of these observa tions. The specimens of copper and aluminium had rather large values of the residual resistance, and did not give a sufficiently wide range of conductivities to be worth including in figure 1. They are therefore omitted from consideration at the moment, though they will be discussed a t a later stage. Details of the specimens and temperatures will be found in table 1. In figure 1 ,27 is shown plotted against ^ ] cf or si behaviour were consistent with the classical skin effect theory, all the points would lie on the same straight line through the origin. The anomalous behaviour is shown by the characteristic way in which the curves depart rather sharply from the ex pected straight line and tend, except for mercury, to become parallel to the axis of thus bringing to light the remarkable phenomenon th at the r.f. skin conductivity is practically independent of cr when the mean free path of the electrons is sufficiently long.
The surface impedance of superconductors at high 
T h e o r y
In this section an attempt will be made to develop London's (1940) tentative explanation of the anomaly as being due to the long mean free path of the electrons. The method of attack is most clearly seen by considering the classical theory of the skin effect. Let the surface of the conductor, of which we consider a semi-infinite slab, be a plane, normal to the X-axis, and let the electric and magnetic fields be parallel to the Y and Z -axes respectively. Then if the displacem neglected, we may write Maxwell's equations in electromagnetic units for this problem: dH in which E, II and J are written for Ey, Hz and Jy, and o) is t the oscillation. These equations may be combined with the conductivity equation J = crE to eliminate J and H, giving an equation for the electric fie
which has as its solution
in which kl = 4 m a x r .This treatm ent of the skin effect is valid so long ductivity equation is applicable. It is well known th at a modification must be intro duced at such high frequencies that the period of oscillation is comparable to the relaxation time, t, of the electrons, but so far as can be judged from theoretical estimates of r, the anomalous skin conductivity appears at such values of th a t relaxation effects are entirely negligible (wr< 1), and even at the highest values of it is probably safe to neglect relaxation. I t is likely, however, th at an increase of frequency by a factor of ten would bring the problem into the region of relaxation effects.
The nature of the invalidity of the conductivity equation which concerns us here arises from the implicit assumption that the current density at any point is dependent solely on the value of the electric field at that point. Clearly if the mean free path of the electrons is comparable with the depth of penetration of the field, an electron during one free path will be moving through regions of varying field, and the drift velocity which it acquires will be related to the field strength at all points along its path. This means that the equation JorE in whi the metal, must be replaced by the more general equation J -f(E , x). The equation for the electric field now becomes
The problem before us is the calculation of the function / and the solution of equation (2). It is necessary to choose some model of the metal, and in the following argument a semi-classical model will be used, which should at worst give a qualita tive explanation of the experimental facts. The conduction electrons, n per unit volume, will be assumed to move isotropically with the same velocity V in the absence of an electric field, and to acquire an additional drift velocity from the applied electric field. The effects of the associated magnetic field will be neglected, for although it will cause a disturbance to the directions of motion of the electrons, the current density resulting from such a disturbance will be zero (cf. van Leeuwen's theorem). The free paths of the electrons will be assumed to be terminated by collision with a lattice ion, without persistence of drift velocity, and the probability of a path of length between r and r + dr will be taken as fie for the reciprocal of the mean free path l. Using this model it is not difficult to calcu late by kinetic methods the drift current density produced at any point by the presence of an arbitrary field distribution. Since we shall be concerned with pheno mena occurring at the surface of the metal, it is necessary to make an additional assumption concerning the behaviour of an electron after collision with the lattice ions at the surface. I t will be assumed th at there is a probability (1 -that collision with the surface terminates a free path. That is to say, a fraction p of electrons are reflected specularly from the surface, with retention of drift velocity, while the rest are scattered diffusely with loss of drift velocity; p may thus be called the 'drift reflexion coefficient ' of the surface. It may be included formally in the calculation by replacing the bounded metal slab by an infinite metal, in which the field in the region above the surface is an image of the field below the surface, of the same sign but reduced in magnitude to a fraction p of the field below.
Before treating the model outlined in the last paragraph, which presents consider able mathematical difficulties, it is convenient to consider a still further simplified model for which an exact solution is possible, and which will yield some useful qualitative information. We shall assume that the electrons are constrained to move all in one direction, or rather that their velocities may take only such directions as lie on the surface of a cone of semi-angle 6, having its axis normal to the surface; they may, however, acquire drift velocity in the direction of the electric field, wrhich wdll be lost on collision with the lattice, so that the direction of motion will revert to its former value 6. Let the electric field in the metal be E = E(x) eiojt. If <| 1, the field may be considered as stationary for the purpose of calculating the current, and the time-variable factor eiwt may be omitted. The calculation of the cu J ( x ) at a point P distant x below the surface now follows the lines of the elementary methods used in the kinetic theory of gases, in so far as the history of each electron is followed from the time of its last collision to the moment when it reaches the point P, and its contribution to the current density at P is thus calculated. The process is extended by integrating over all space, to give the result
in which c ri s written for the bulk conductivity ne2//wiV, and /q for pj cos 0, the re ciprocal of the projected length of the mean free path along the normal to the surface. The first term of (3) represents the contribution to the current density by those electrons coming up to P from the body of the metal, the second term the contribu tion of those which collided last between P and the surface, and then moved down wards in the direction of P, and -the third term is the contribution from the ' image field', i.e. those electrons which have reached P from the surface without any intervening collisions. If we put /q = oo, by putting either // -oo or 6 = equation (3) may be integrated immediately to give = crE(x), the classical conductivity equation, which is therefore obeyed by all electrons whose projected mean free path l cos 6 is much smaller than the skin depth; in particular, the classical equation always holds for electrons moving parallel to the surface.
In order to solve for E, it is necessary to substitute (3) in equation (2). When this has been done it is found after substitution and evaluation of the integrals th at a solution is possible in the form E = in which k\ and k\ are the solutions of the quadratic equation
H\ _
k% being written for 4nio)(r as in the classical case, and
Now equation (5) has four solutions for k, of which only two have positive real parts; since the electric field must vanish at infinity it is these two solutions which are taken as Aq and k2. In the limiting case of short free paths, i.e.
oo, the solution becomes identical with the classical solution as expected. At the other extreme, as equation (5) reduces to A :4 = -Bearing in mind th at fix, k0 and magnitude is the mean free path, the classical skin depth, and the actual skin depth respectively, we see th at the actual skin depth is of the order of the geometric mean between the classical skin depth and the mean free path. The field therefore pene trates to a much smaller distance than a single mean free path, and this, as we shall see later, has an important bearing on the part played by the reflexion coefficient p.
The skin impedance
Z, defined by
for the field of equation (4), Z = free path is very long may be obtained by putting Aq = k2 -yj\pxk0\. For any given metal, in which the number and velocity of the electrons remains constant while the temperature is changed, /ix is inversely proportional to the conductivity, and k0 is proportional to the square root of the conductivity. Therefore
Zoc 1/Vi/b.^o I or ■^'oc cr~i* This means th at in the ' linear ' metal considered, the skin conductivity actually falls as the bulk conductivity rises, when the mean free path is sufficiently great. This is an exaggerated picture of the experimental facts, as would be expected from the nature of the model. For the fall in E only begins when the projected mean free path l cos 6 is greater than the skin depth; if the electrons were moving isotropically, there would always be a fraction for which l cos 6 was less than the skin depth, and which would therefore behave according to the classical conductivity equation. It is therefore to be expected th at the isotropic model will give a result somewhere in between the predictions of classical theory and this ' linear ' model. Now it has been pointed out before th at the skin depth in the limiting case of long free paths becomes much smaller than l.This can o come from within the body of the metal and return there after reflexion from the surface without colliding with the lattice near the surface cannot carry any drift velocity back with them, for otherwise there would be a finite current density in regions where the field is substantially zero. This conclusion may.be verified by 00 calculating E dx, which is proportional to the drift velocity acquired by an e
J o
in moving from the surface into the body of the metal: I*00 from equation (4). But if k>u,, a is equal to -hJkx from (6), and th o vanishes. I t follows from this result that any electron which reaches the surface after having collided last in the field-free region reaches it without any drift velocity, so that it is immaterial whether the surface be perfectly reflecting or not. In fact, the precise nature of the surface plays very little part in determining the skin conductivity when the mean free path is very long, in contrast to the apparently similar phenomenon of the low d.c. conductivity of thin films, studied by Lovell (1936) , where the reflexion coefficient of the surface is the only important factor. This result is made clearer by an exact computation of E from equations (5) and (6) for a particular for example, that the mean free path is 1000 times as great as the classical skin depth; the conductivity E is found to be 12 times less than the classical value ^/(<r/27rw) when p -1 (perfectly reflecting surface), and 12-5 times less when p = 0 (diffuse surface). Thus the nature of the surface, while not entirely negligible, is of comparatively minor importance relative to the main controlling factor, the mean free path.
In extending the theory to take into account the isotropic distribution of electronic velocities, the equation J = f(E , x) may be set up in a similar manner to that outfined for the linear model, with the difference now that the integration must include all directions of motion. On substituting in equation (2) 
in which each term has the same significance as the corresponding term in equation (3). Equation (7) in fact only differs from equation (3) by containing v in the de nominator of each integral, but this small difference is sufficient to render equation (7) exceedingly intractable. No solution in finite terms lias yet been found, but it is possible, by attacking the problem from a slightly different angle, to deduce a certain amount of information about the nature of the solution. It was seen that the ' linear ' model, in .which the electrons were confined to one direction of motion 6, was capable of a solution in the form of the sum of two ex ponential terms. By setting up an equation analogous to equation (3) for a model in which the electrons are confined to N discrete directions 61... 0N, it is found th at a solution is possible consisting of the sum of N + 1 exp fore be expected that as N tends to infinity, and the model becomes identical with the isotropic model, the solution of (7) might be expressed as E = E0^laje~kjx.
( 8)
Moreover, by considering the A-directional model, equations may be derived which define the coefficients oq and the exponents of each of the + 1 terms of the solu tion. As N tends to infinity the equation for Aqbecomes (9) r~K j which has an infinity of complex solutions, and is analogous to equation (5) (10) has as yet defied solution. Certain results, however, may be deduced without a com plete solution. In the limit of very long mean free paths, ;i becomes negligible in comparison with Aq, so that equation (9) reduces to \ log ( -1) .juk^. Since p is inversely, and k% directly, proportional to cr, we see that for long free paths each A qbecomes a numerical constant times the quantity which is independent of conductivity. Thus the penetration depth, and hence presumably the skin impedance, tend to a constant value, in agreement with experiment.
Further, since equation (10) is true for all values of 6, we may put cos = 1 and when p is negligible in comparison with kp Then equation (10) 00 f* 00 s to 2 ajl^j = 0, which means that, as for the linear model, Edx vanishes; 1 hence, by the same argument, the reflexion coefficient p plays only a small role when the mean free path is much greater than the skin depth. /• 00 The vanishing of Edx implies that the only electrons which are effective in the Jo conduction process when the free path is long are those which suffer collisions in the surface layer containing the electric field. Now those electrons which move normal to the surface have a relatively small chance of colliding in the surface layer com pared with those moving at a glancing angle to the surface, and this suggests a possible approximate treatm ent of the problem. Let us neglect all those electrons which have a small probability of collision in the surface layer, and consider only those whose directions of motion make an angle with the surface of less than sin ~\^8jl). Here 8 is the skin depth, as yet undetermined, and is constant whose value would be expected to be of the order of, but probably not less than, unity. The electrons which we regard as effective in the conduction process are those which can traverse a whole mean free path within a distancethe surface, and which are therefore acted upon by the field at all times, and have a high proba bility of collision in the surface layer. Now in order to simplify the calculation it is convenient to make one more assumption, namely th at we may regard all these electrons as obeying the classical conductivity equation. We saw in the treatment of the ' linear ' model th at the significant parameter in determining the behaviour of the electrons was /q (i.e. 1/Zcos#). If /q is much greater than k, the classical equation is certainly valid, but here we propose to use it for the case when /q is of the order of k. An exact computation of the linear model for the case /q = leads to the result that instead of the skin impedance having the classical value takes the value (1 +i), it I t may be concluded, therefore, that so far as the resistive part of Z is concerned, the assumption will not invalidate the procedure. We may expect, however, that the value deduced for the reactive part will be rather low.
With this assumption then, the calculation of Z follows exactly the lines of the classical calculation, except that in place of we must write fida/l, since is the fraction of electrons considered as effective. The field is then given by E -E0e~kx, where k2 = i Now the skin depth is the reciprocal of the real part of k, and we must equate this to 8, i.e. r £ J 2noj/38cr ' i.e. 83 = l 27TOjfcr mV 2, TT(jj(3ne2 ' since ne2l m V ' The skin depth 8 is thus independent of the conductivity. The skin impedance is given by the same formula as in the classical case, Z = ^mcj/k, since the field is expressed by a single exponential term. Therefore 2mo8(\ + i),
which is also independent of cr, in accordance with the experimental results. Now the validity of this argument depends on the mean free path being very much greater than the skin depth. In order to verify th at this condition is in fact obeyed in the experiments consider the points for unannealed silver, which lie just at the beginning of the flat region of Z in figure 1 . A theoretical esti path in silver at room temperature of 1-14 x 10~5 cm. has been given by Mott & Jones (1936) . Since the unannealed specimen increased in conductivity by a factor of 38 in cooling to 4° K, we may put l at this temperature equal to 4-4 x 10~4 cm. Now from the above theory it follows that 8 = \j2mj)Z, so that 8 ma experimental results as 5-2 x 10~5 cm., which is 8-5 times less than the mean free path. I t appears, therefore, that the above theory gives a qualitative picture for the process so long as l is more than 8 times the skin depth.
A further check on the theory may be obtained by using the estimates by Mott & Jones of the mean free path in silver and gold in order to calculate / , which we have seen should have a value rather greater than unity. If we write for the limiting value of the skin conductivity for long mean free paths, we see from equation (12) that /? = (4:n2oj2lj(T) Z %. Substituting the theoretical estimates of Z/cr and the measured values of c oa nd Z m, we arrive at the conclusion th at /? = 2-46 for s 0-96 for gold. Without considering for the moment the difference in these twro values we may note that the estimated /? is of the expected order of magnitude, which suggests that the concept of the ' ineffectiveness ' of the majority of the electrons does represent a reasonable qualitative picture of the effect.
If the isotropic model be taken to give a fair approximation to a real metal, a con siderable amount of information may be deduced by purely dimensional arguments. We have seen that the surface reflexion coefficient plays a relatively small part, so th at if this is neglected, the skin conductivity may be considered as depending on only two quantities, the classical value of the skin depth £C1, and the mean free path l, since these two define the independent parameters of the model. We shall now intro duce a new quantity D, called the discrepancy factor, which is the ratio of the skin conductivity predicted by classical theory from er, to the measured skin conductivity. Since D is dimensionless, it must bear a functional relationship to the other dimen sionless quantities of the problem, of which there is only one, d, if be neglected. We may therefore write give the same shape of curve, but the position of each curve along the axis of log ^(o)(xz) will be different. In fact, if the curve for a metal has to be displaced a distance oc in order to coincide with the curve for another metal, then antilog a is a measure of the ratio of the quantity m V jne2, i.e. l/cr, fo these functions are plotted for silver, gold, tin, copper and aluminium, the points for each metal being displaced so that they fit the curve for silver as nearly as possible.
The values so obtained of i/cr relative to silver are shown in table 2. Apart from a certain amount of scatter for the points with low values of D, the values can be fitted to a single curve within the experimental error. So far no results are available for frequencies other than 1200 Mcyc./sec., so th a t the plotted points do not con stitute a complete verification of the functional relationship.
The surface impedance of superconductors at high frequencies. I I 397 The comparison of theory and experiment leaves no doubt that London's hypo thesis of the origin of anomalous resistivity in the long mean free path of the electrons is substantially correct, and that the concept of the ' ineffectiveness ' of the majority of the conduction electrons gives a qualitative picture of the process. There are, however, notable discrepancies in the detailed application of the theory. The values oil/cr, for instance, deduced experimentally are not in agreement with the theoretical predictions of Mott & Jones, as can be seen by comparing the second and third columns of table 2. The disagreement in the case of gold is, of course, simply another way of stating that the values deduced above for /? are different for silver and gold. Now the values given by Mott & Jones were calculated on the assumption th at the electrons in copper, silver, and gold may be treated as a free electron gas, and that the effective number of electrons is one per atom. If this assumption is valid, there is no reason why the dimensional argument outlined above should not apply, for it does not depend on any special model, but only on the supposition th at the electrical properties are completely defined by the conductivity and the mean free path; a free electron gas obeying Fermi statistics is so defined. The fact th at the theoretical predictions are not in detailed agreement with experiment indicates th at this model of the monovalent metals is oversimplified.
The experimental values of l/<r for aluminium and tin are strikingly low. U n fortunately no theoretical estimate seems to have been made with which to compare the results. If we take tin as the extreme example, and substitute numerical values, we find that the value of neUJV (where netl is the effective number of electrons per atom) is about 7 times as great as in silver. Since it is not likely th at n etl is much greater than 1, the conclusion seems to be that the electronic velocity in tin is much lower than in silver. Let us assume that it is in fact 7 times less than in silver. Then for a given value of the bulk conductivity the relaxation time r in tin will be 7 times greater than in silver. Using Mott & Jones' estimate of 40-9 x 10"15 sec. for the relaxation time in silver at room temperature, we arrive at a value of 2-1 x 10-10 sec. for the tin sample of highest conductivity. The value ofwr for this sample would thus be 1*6 if the above assumptions are correct. Now the experimental results indicate th at there is no change in £ when the conductivity is increased by a factor of 3 (see table 1, data on Sn A and Sn B at 4-2° K), and it is therefore improbable th at there are any appreciable relaxation effects. We must conclude that 1, and th at the electronic velocity is greater than the assumed value. This in its turn indicates that nett for tin is greater than one. On the other hand, the assumption th at the same model is applicable to both silver and tin is open to considerable suspicion, so th at it would be unwise to regard the results for tin as anything more than a qualitative indication of the electronic behaviour. Experiments at, say, ten times the frequency would probably help in making a reliable estimate of the relaxation time.
Finally, we must consider the results for mercury, which are not in agreement with the general behaviour of the other metals investigated, in th at £ does not tend to a constant value as <x is increased. I t is perhaps significant th at of the metals investi gated, mercury was the only one for which a number of experimental points were obtained in the region where the anomalous behaviour is well-marked, but where the greater part of the resistance was ideal, not residual, resistance. The evidence on which the conclusion was based that £ tends to a constant value was obtained with two specimens of tin and two of silver with different residual resistances. I t is well-known th at the quantum treatm ent of conductivity at temperatures much lower than the characteristic Debye temperature involves concepts which are far removed from the semi-classical assumptions of the model used here, and it is very probable th at the theory based on such a crude model is inapplicable except as a rough guide to the main features of the anomaly. In this connexion it is interesting to note th at the two specimens of silver gave the same value of at 4-2° K, where the whole of the resistance was residual, but th at the value of for the annealed specimen at 20° K was rather lower than for the unannealed specimen, although cr was much greater. A final decision, however, on this point must wait until more experimental evidence is available. The theory developed in II is extended to cover the case of a superconductor, and a formula is derived relating the r.f. resistivity to the superconducting penetration depth and other parameters of the metal. It is shown how the penetration depth may be deduced directly from measurements of the skin reactance, and a method of measuring reactance is described, based essentially on the variation of the velocity of propagation along a transmission line due to the reactance of the conductors. For technical reasons it is not convenient to measure the reactance absolutely, but a simple extension of the technique described in I enables the change in reactance to be accurately measured when superconductivity is destroyed by a magnetic field. The method has been applied to mercury and tin. In the former case the results are in agreement with Shoenberg's direct measurements, and confirm that the penetration depth at 0° K is of the order of 7 x 10-6 cm. The theory developed at the beginning of the paper is used to deduce the variation of penetration depth with temperature from the resistivity measurements of I, and it is shown that agreement with other determinations and with the reactance measurements is fairly good, but not perfect. Some of the assumptions used in developing the theory are critically dis cussed, and a qualitative account is given to show how Heisenberg's theory of supercon ductivity offers an explanation of some of the salient features of superconductivity and in particular indicates the relation between superconducting and normal electrons.
